INTRODUCTION
Plant peroxidases (donor: H202 oxidoreductases, EC 1.1.1.1.7) are a particularly well-studied group of enzymes which are ubiquitous in higher plants and have important functions during development and responses to stress Edreva, 1991) . The simultaneous occurrence of isoforms in the same plant is common, and anionic and cationic forms can be distinguished. They are characterized at the amino-acid-sequence level by several highly conserved sequences found within plant, fungal and bacterial peroxidases, but not among animal peroxidases (Welinder, 1992) .
Peroxidases may contribute several different roles in the cellwall construction and rheology. These include the possible intramolecular cross-linking of tyrosine residues in extensin and possible other wall glycoproteins, the coupling of hydroxycinnamic acids and p-hydroxybenzoic acid residues attached to pectins and certain xylans, lignin biosynthesis, lignin bonding to cell-wall glycoproteins and suberization . Of these, the most significant contribution to wall strength is lignin formation (Monties, 1989 ; Lewis and Yamamoto, 1990) , and an anionic peroxidase associated with lignifying tissue from tobacco (Nicotiana tabacum L.) has been cloned and subjected to genetic manipulation (Lagrimini, 1991) . Stress conditions also lead to the accumulation of phenolics in the wall, often in a highly localized way, which also requires the involvement ofwall-bound peroxidase. Anionic peroxidases have been isolated, cloned and genetically manipulated to implicate these in a direct role in the localized suberization in response to wounding or pathogen attack (Kolattukudy et al., 1992) . However, cationic peroxidases may also be wall-bound (Zheng and van Huystee, 1992) and may be subjected to modulation by stress-inducing molecules (Bruce and West, 1989) .
We report here the isolation and characterization of a cationic peroxidase from French bean (Phaseolus vulgaris L.) capable of dehydrodiferulic acid. Kinetics studies indicated an apparent Km of 113.3+22.9,uM and a Vm.. of 144 1tmol min-' nmol-1 of protein at an H202concentration of 100 1tM. In comparison with a second French-bean peroxidase (FBP) and horseradish peroxidase, as a model, it acted with a 6-10-fold higher specificity in this capacity. It is a member of the peroxidase superfamily of bacterial, fungal and plant haem proteins by virtue of its highly conserved amino acid sequence within the proximal and distal haem-binding sites. This is good evidence that this particular FBP may function in constructing covalent cross-linkages in the wall during development and response to pathogens. the synthesis of diferulic acid in vitro with high specificity and which is also wall-bound. It is probably premature to equate only anionic peroxidases with phenylpropanoid metabolism in cell walls.
MATERIALS AND METHODS

Materials
Suspension cultures of French bean were derived and maintained as described by Dixon and Lamb (1979) 
Spectrophotometric measurements
Enzymic assays of peroxidases were performed spectrophotometrically by monitoring the oxidation of guaiacol at 436 nm (c 25.5 mM-cm-'). For the measurement of the kinetic parameters of ferulic acid oxidation, the consumption of ferulic acid (10-200 j#M) was monitored at 310 nm (e 16 mM-1 cm-') during the first 15 s of the reaction (less than 100% transformed). The peroxidase activity was determined in 1 ml of 0.1 M acetate buffer, pH 4.4, containing 10 mM guafacol or 1 mM ferulic acid, and 0.1 mM H202 as substrates. For routine analysis and comparative measurement, ferulic acid oxidation can be monitored by the increase of absorbance at 380 nm. The assays were carried out at room temperature. Protein was determined using the Bio-Rad microassay system.
Liquid-phase isoelectric focusing
Purified peroxidase was subjected to liquid-phase isoelectric focusing using a Rotofor (Bio-Rad, Hemel Hempstead, Herts., U.K.) system. The sample was diluted to 50 ml with water and 1 ml (2%) Biolyte solution (pH range 3-10; 400%, w/v) was added and the solution loaded onto the Rotofor cell for focusing without further treatment. Focusing in the Rotofor cell was conditions were 600 V and 20 mA. At equilibrium, the values were 2500 V and 4 mA. Fractions were collected and their pH values measured. Peroxidase was detected enzymically using guaiacol as substrate as described above.
Gel electrophoresis SDS/PAGE was carried out as described by Laemmli (1970) 
RESULTS
Purffication of French-bean peroxidase (FBP)
Wall-bound peroxidase isoenzymes were purified in a four-step procedure from suspension-cultured French-bean cells (Table 1) . Cells were homogenized and a wall-enriched pellet prepared. A simple salt wash removed much of the ferulic acid oxidase activity, and this could be extracted by passage through immobilized concanavalin A. Following desorption this activity could be resolved into two major peroxidase species of Mr 46000 (FBP1) and Mr 41000-42000 (FBP2) by size-exclusion h.p.l.c. utilizing a salt gradient, which was necessary to maintain solubility and to obtain an optimum separation of the proteins. These procedures led to a 60-fold purification of the higher-Mr peroxidase (Table   1) , the preparation of which appeared to be homogeneous when analysed by SDS/PAGE and silver staining (Figure 1 ).
Ionic binding of peroxldases to cell walls
These two peroxidases were previously shown to be present in a microsomal preparation from similar cells where they were found to interfere with the purification of cytochrome P-450 proteins . However, they were in higher abundance in the cell-wall fraction (Tables 2 and 3 ). Both wallenriched and microsomal fractions were subjected to a sequential series of extraction and the peroxidase activity determined in the pellet and the supernatant. Table 2 shows that, for the cell-wallenriched pellet, following a first extraction with Triton X-100, which would remove solubilized membrane-bound enzyme, 80 % of the ferulic acid peroxidase activity remained in the particulate fraction. Subsequent extractions with Triton X-100 released very little of the activity. NaCl extraction of the Triton X-100-insoluble fraction then allowed solubilization of 770% of the carried out at 12 W constant power for 3 h at 4 'C. The initial Diferulate synthesis by cell-wall peroxidase 749 remaining ionically-wall-bound peroxidases. This probably represents a relatively wall-enriched pellet which was carbohydraterich, indicating the presence of wall polysaccharides. In contrast, the bulk of the peroxidase activity was readily solubilized from the microsomal fraction with detergent (Table 3 ). These properties were consistent with a cell-wall localization for both peroxidases, and their presence in the microsomal fraction representing the proportion being secreted. Direct evidence for a wall localization was obtained by immunogold localization. The 46000-M, peroxidase has been immunolocalized previously to cell wall in sections of intact bean hypocotyl (Smith et al., 1993) . Using the same antibody the peroxidase was immunolocalized in suspension-cultured cells, and Figure 2 shows the localization in the primary wall. Localization was particularly dense in the corners of cells associated in small clumps (Figure 2a) . In other parts of the wall, localization was more intense towards the plasmalemma side (Figures 2b and 2c ). Taken together, both sets of evidence indicate a significant proportion of the peroxidase as being cellwall-localized.
Comparative properties of the peroxidases Both enzymes showed high activity towards the universal substrate guaiacol. The Km for the 46000-Mr peroxidase was measured at 3 mM. However, there were found to be considerable differences with other substrates and in comparison with the model peroxidase from horseradish. The 46000-Mr peroxidase showed much higher activity towards phenylpropanoids and their conjugates (ferulic and caffeic acids, chlorogenic acid), as 556). In conditions of excess H202 (500 ,uM), the spectrum of compound III is distinguished (Amax 545 and 580 nm), showing also a characteristic peak absorbing at 670 nm. It differed from the 42000/41 000-Mr bean peroxidase in its peptide map, and peptides from both isoforms were subjected to amino acid sequencing. The peptides that contained sequences typical of the highly conserved proximal and distal haem-binding sites of the bacterial, fungal and plant peroxidase superfamily were identified ( Figure 5 ). The partial FBP isoform sequences of portions of the proteolytic peptides can be aligned with the residues of turnip (Brassica napus L.) (TUR; Mazza and Welinder, 1980) , tobacco (TOB; Lagrimini et al., 1987) , potato (Solanum tuberosum L.) (AP; Roberts and Kolattukudy, 1989) and horseradish (Armoracia rusticana) (HOR; Welinder, 1979) showing sequence similarity. These two sequences are known as the most conserved in plant peroxidases because of their involvement in haem binding and acid/base catalysis (Welinder, 1991 Mazza and Welinder, 1980) , tobacco (TOB; Lagrimini et al., 1987) , potato (POT; Roberts and Kolattukudy, 1989) and horseradish (HOR; Welinder, 1979) The identical amino acids are designated by a bold point (.) .
DISCUSSION
A novel cationic peroxidase (FBP1) has been isolated from cellwall fractions of suspension-cultured cells of French bean. It was purified to homogeneity, has an Mr of 46000, and showed high specificity towards the polymerization of ferulic acid relative to the general substrate guaiacol and to the properties of a second FBP and the model peroxidase from horseradish. Ferulic acid occurs in many plants (Graf, 1992) . It is covalently conjugated with mono-and di-saccharides, plant-cell-wall polysaccharides, glycoproteins, lignin, betacyanins, and other insoluble carbohydrate biopolymers of cell walls. Several physiological roles of ferulic acid have been proposed. It cross-links vicinal pentosan chains, arabinoxylans, and hemicelluloses in cell walls (Markwalder and Neukom, 1976; Whitmore, 1976; Tachibana et al., 1992; MacAdam et al., 1992) . Cross-linking is essential to the formation of barriers to invading pathogens (Mansfield, 1990; Kolattukudy et al., 1992) and has been implicated in the cessation of elongation (Fry, 1986; Hoson and Matsuda, 1991) . It is thus a useful compound for the study of the formation of dehydrogenation polymer phenolics in vitro in order to understand the nature of these reactions in the wall (Ralph et al., 1992) .
High-ionic-strength-buffer treatment of detergent-washed French-bean cell walls solubilized almost all the 46000-Mr peroxidase, suggesting that a significant proportion of the peroxidase activity was ionically wall-bound. Part of the ferulic acid peroxidase activity remaining in the 10000 g supernatant can be subsequently pelleted at 100000 g, but is all released from microsomes by detergent washings. The wall peroxidases are identical with those extracted from the microsomes , where they are probably in transit and undergoing glycosylation. However, some of this additional localization may be also due to the fact that positively charged cationic isoenzymes could be attracted to the net negatively charged membranes during the homogenization procedure (Schloss et al., 1987) . The 46000-Mr protein (FBP1) appears as a single band on SDS/PAGE (Figure 2 ) and its RZ value of greater than 3 denotes a pure peroxidase. It was found to be an abundant protein in suspension-cultured cells; its initial content was about 0.30% of total protein. The 4100042000-Mr protein (FBP2) purified during the same process had a similar guaiacol oxidase activity to FBP1, but was much less effective in oxidizing ferulic acid. This illustrates that other peroxidases are able to polymerize this phenylpropanoid, but with far less efficiency than FBP1. The product of this polymerization in vitro was shown to be dehydrodiferulic acid by d.c.i.-m.s. This compound occurs extensively in primary cell walls (Fry, 1986) , and its contribution to crosslinking in more extensively lignified walls during differentiation and response to stress are probably underestimated (Ralph et al., 1992) . The present study is one of the first demonstrations of its formation by a known cell-wall peroxidase in vitro. The specificity is also certainly higher for phenylpropanoids and model substrates than other classes of enzymes of the laccase-type recently implicated in lignification and the formation of other dehydrogenation polymers (Savidge and Udagama-Radeniya, 1992; Bao et al., 1993) .
Cyanide inhibited the activity of the enzyme. This suggests that the enzyme contains a metal prosthetic group. A typical peroxidase prosthetic group was further evidenced by the absorption spectra of the enzyme in the oxidized form and in the presence of H202 (Figure 4) . Enzymically, at least, the 46000-Mr bean peroxidase is implicated in the formation of phenolic cross-linkages in the wall. The pH optimum of 4.4 suggests that the enzyme can function in an acidic environment such as the cell wall. An antibody has been raised against the peroxidase and used to immunolocalize it to the wall in the suspension-cultured cells. In intact tissue (Bolwell, 1993; Smith et al., 1993) , it has been found associated with secondary thickenings in terminally developing xylem vessels and extracellularly at bacterial and fungal infection sites. All these data indicate that this particular cationic peroxidase can perform similar functions to those previously ascribed to anionic peroxidases in tobacco (Lagrimini et al., 1987) , potato (Roberts and Kolattukudy, 1989) , and tomato (Lycopersicon esculentum L.) (Kolattukudy et al., 1992) . Preliminary results also indicate that elicitation of the French-bean-cell cultures increases the ratio FBP1/FBP2. Further work is needed to understand the role of FBP1 in defence mechanisms.
